Competition among various heavy metal species for available adsorption sites on soil matrix surfaces can enhance the mobility of contaminants in the soil environment. Accurate predictions of the fate and behavior of heavy metals in soils and geologic media requires the understanding of the underlying competitive-sorption and transport processes. In this review, we present equilibrium and kinetic models for competitive heavy metal sorption and transport in soils. Several examples are summarized to illustrate the impact of competing ions on the reactivities and mobility of heavy metals in the soil-water environment. We demonstrate that equilibrium Freundlich approaches can be extended to account for competitive sorption of cations and anions with the incorporation of competition coeffi cients associated with each reaction. Furthermore, retention models of the multiple-reaction type including the two-site nonlinear equilibrium-kinetic models and the concurrent-and consecutive-multireaction models were modifi ed to describe commonly observed time-dependent behaviors of heavy metals in soils. We also show that equilibrium Langmuir and kinetic second-order models can be extended to simulate the competitive sorption and transport in soils, although the use of such models is limited due to their simplifying assumptions. A major drawback of the empirically based Freundlich and Langmuir approaches is that their associated parameters are specifi c for each soil. Alternatively, geochemical models that are based on ion-exchange and surfacecomplexation concepts are capable of quantifying the competitive behavior of several chemical species under a wide range of environmental conditions. Such geochemical models, however, are incapable of describing the time-dependent sorption behavior of heavy metal ions in competitive systems. Further research is needed to develop a general-purpose model based on physical and chemical mechanisms governing competitive sorption in soils. During the last three decades, a large number of studies have been performed to identify the dominant controlling mechanisms for the fate and overall behavior of heavy metals in the soil-water environment. Most investigations have focused on describing the sorption and transport of heavy metals under fi eld conditions and in laboratory and greenhouse experiments. Adsorption-desorption on the surface of solid minerals and organic matter is one of the dominant reactions impacting the fate and transport of heavy metals in soils. In contaminated sites, several heavy metal species are oft en encountered in the soilwater environment. Competition among the various heavy metal species for available adsorption sites on soil matrix surfaces is a commonly observed phenomenon (Murali and Aylmore, 1983; Kretzschmar and Voegelin, 2001; Bradl, 2004; among others). In fact, competitive adsorption and desorption of heavy metals by minerals and soil organic matter has signifi cant importance for their fate and mobility in soils and aquifers. Selective sorption among competing heavy metal ions may greatly impact their bioavailability in soils (Gomes et al., 2001) . Enhanced mobility as a result of competitive sorption has oft en been observed for several trace metal contaminants in soils.
Competition among various heavy metal species for available adsorption sites on soil matrix surfaces can enhance the mobility of contaminants in the soil environment. Accurate predictions of the fate and behavior of heavy metals in soils and geologic media requires the understanding of the underlying competitive-sorption and transport processes. In this review, we present equilibrium and kinetic models for competitive heavy metal sorption and transport in soils. Several examples are summarized to illustrate the impact of competing ions on the reactivities and mobility of heavy metals in the soil-water environment. We demonstrate that equilibrium Freundlich approaches can be extended to account for competitive sorption of cations and anions with the incorporation of competition coeffi cients associated with each reaction. Furthermore, retention models of the multiple-reaction type including the two-site nonlinear equilibrium-kinetic models and the concurrent-and consecutive-multireaction models were modifi ed to describe commonly observed time-dependent behaviors of heavy metals in soils. We also show that equilibrium Langmuir and kinetic second-order models can be extended to simulate the competitive sorption and transport in soils, although the use of such models is limited due to their simplifying assumptions. A major drawback of the empirically based Freundlich and Langmuir approaches is that their associated parameters are specifi c for each soil. Alternatively, geochemical models that are based on ion-exchange and surfacecomplexation concepts are capable of quantifying the competitive behavior of several chemical species under a wide range of environmental conditions. Such geochemical models, however, are incapable of describing the time-dependent sorption behavior of heavy metal ions in competitive systems. Further research is needed to develop a general-purpose model based on physical and chemical mechanisms governing competitive sorption in soils.
Modeling Approaches of Competitive Sorption and Transport of Trace Metals and Metalloids in Soils: A Review
H. M. Selim* and Hua Zhang S oil contamination of heavy metals such as Cd, Cu, Hg, Pb, Ni, Zn, As, and Cr from mining, industrial, agricultural, and geologic sources poses serious environmental risk worldwide. Several of the elements are on top of the priority pollutants list because of their toxicity to humans and the ecosystem (Adriano, 2001) . Transport of heavy metals in the vadose zone and aquifers can lead to further pollution of surface and groundwater (Selim and Amacher, 1997) .
During the last three decades, a large number of studies have been performed to identify the dominant controlling mechanisms for the fate and overall behavior of heavy metals in the soil-water environment. Most investigations have focused on describing the sorption and transport of heavy metals under fi eld conditions and in laboratory and greenhouse experiments. Adsorption-desorption on the surface of solid minerals and organic matter is one of the dominant reactions impacting the fate and transport of heavy metals in soils. In contaminated sites, several heavy metal species are oft en encountered in the soilwater environment. Competition among the various heavy metal species for available adsorption sites on soil matrix surfaces is a commonly observed phenomenon (Murali and Aylmore, 1983; Kretzschmar and Voegelin, 2001; Bradl, 2004; among others) . In fact, competitive adsorption and desorption of heavy metals by minerals and soil organic matter has signifi cant importance for their fate and mobility in soils and aquifers. Selective sorption among competing heavy metal ions may greatly impact their bioavailability in soils (Gomes et al., 2001) . Enhanced mobility as a result of competitive sorption has oft en been observed for several trace metal contaminants in soils.
Th e adsorption of heavy metal by clay minerals, metal oxides, and organic materials has generally been explained by two types of reaction mechanisms: (i) ion exchange in the diff use layer as a result of electrostatic forces and (ii) surface complexation through the formation of strong covalent bonds between heavy metal ions and specifi c reaction sites on the surfaces of minerals or organic matters. Th e ion-exchange reaction is also referred to as nonspecifi c sorption and the surface complexation is referred as specifi c sorption (Sposito, 1994; Sparks, 1998) . A variety of models have been developed with the specifi c goal of predicting the competitive-sorption behavior of heavy metals in soils. Equilibrium ion-exchange models and surface-complexation models have been incorporated into geochemical models to simulate reactions among multiple heavy metals in the soil-water environment (Allison et al., 1991; Tipping, 1994; Kinniburgh et al., 1996; Hiemstra and Van Riemsdijk, 1999; Parkhurst and Appelo, 1999) . Such models were used to simulate with varying degree of success the competitive sorption and transport of several heavy metals in soils and aquifers (e.g., Smith and Jaff é, 1998; Serrano et al., 2009) . Geochemically based models, however, require a detailed description of chemical and mineral composition of solution and porous media, as well as numerous reaction constants. In fact, several of the required parameters are either unavailable or unreliable under most conditions (Goldberg and Criscenti, 2008) . Moreover, the inherent heterogeneity of natural porous media oft en impedes the application of chemical reaction based models. As a result, sorption reactions are frequently simulated using empirical models of the equilibrium type such as the Freundlich and Langmuir (e.g., Kinniburgh, 1986; Selim, 1992; Janetti et al., 2012) . A major advantage of empirical models is their simplicity. Unlike the complex surfacecomplexation models, equilibrium models can be applied to a wide range of conditions with a minimal number of adjustable parameters. A major limitation of the empirical models is that the model parameters are not applicable outside the specifi c conditions under which the parameters were obtained. Numerous studies have demonstrated that the fi tted Freundlich and Langmuir parameters depend heavily on environmental conditions including pH, ionic strength, reaction time, and competing ions (e.g., Mesquita and Vieira e Silva, 2002; Heidmann et al., 2005; Arias et al., 2006; Zhu et al., 2010) .
In most geochemical models, sorption processes are oft en considered as instantaneous where equilibrium conditions are attained in a relatively short time (minutes or several hours). Traditionally, heavy metal sorption studies have been performed based on batch equilibration experiments within a short period of reaction time (hours or days). In the last two decades, numerous studies have demonstrated the lack of reaction equilibrium of contaminants in soils (e.g., Selim 1992; Tye et al., 2003; Crout et al., 2006; Bearup et al., 2012) . Laboratory experiments using kinetic approaches have demonstrated that sorption of most reactive chemicals in soils was time dependent at various time scales (Selim and Amacher, 1997) . For several heavy metals, a slow but signifi cant reaction phase may exist due to (i) the transport of ion species from bulk solution to the reaction sites on mineral surfaces and (ii) the chemical kinetics of reactions such as ion exchange, the formation of inner sphere surface complexes, precipitation into distinct solid phases, or surface precipitation on minerals. According to Sparks (1998) , the kinetics of adsorptiondesorption need to be considered for accurate simulation of the fate of heavy metals in the soil-water environment. More recently, several time-dependent experiments have demonstrated the signifi cant infl uence of competitive sorption on the reaction rates of metals and metalloids in soils (Waltham and Eick, 2002; Shi et al., 2005; Zhang and Selim, 2008) .
Retention and Transport
Competitive sorption of interacting ions oft en results in complex breakthrough patterns during their transport in soils and geologic media. Th erefore, describing heavy metal transport requires retention models that account for their governing mechanisms. Th e one-dimensional reactive convective-dispersive transport equation is the most frequently used model for describing the transport of dissolved chemicals in soils (Selim, 1992) :
where S is the amount of adsorption (mg kg ), ρ is the soil bulk density (g cm −3
), z is distance (cm), and t is the reaction time (h). Retention reactions of a solute from the soil solution by the matrix of soils and geologic media is accounted for by the term ∂S i /∂t in Eq. [1] . Retention reactions of heavy metals have been quantifi ed based on several approaches. A number of transport models simulate heavy metal sorption based on the local equilibrium assumption (LEA), in which the reaction of an individual solute species in the soil is assumed to be suffi ciently fast and an apparent equilibrium may be observed at a time scale considerably shorter than that of transport processes. Th e local equilibrium assumption is the basis for several commonly used models including ion-exchange, surfacecomplexation, Freundlich, and Langmuir models. A discussion of the various models from the perspective of competitive sorption and transport is given below. In contrast to the LEA, for most heavy metals, time-dependent retention in soils has been commonly observed (for a review, see Zhang, 2011) . As a result, a number of formulations have been introduced to describe their kinetic sorption behavior in soils. Models that account for time-independent reactions have been incorporated into the convective-dispersive transport Eq. [1] to predict the movement of heavy metals in soils. Examples of kinetic models include the fi rst-order, Freundlich kinetic, irreversible, and second-order models. Commonly used equilibrium and kinetic models are summarized in Table 1 .
Another class of models is that of the multireaction, multistep, or multisite equilibrium-kinetic models. Basic to multireaction and multisite models is the idea that the soil is a heterogeneous system with diff erent constituents (clay minerals, organic matter, Fe and Al oxides, carbonates, etc.), with sites having diff erent affi nities or energies for heavy metal sorption. 
Model
Formulation †
Linear equilibrium
Pseudo-fi rst-order kinetic ∂S/∂t = κ(S eq − S) Th erefore, a heavy metal species is likely to react with various constituents (sites) by diff erent mechanisms. As a result, a single equilibrium or chemical kinetic reaction is unlikely to be the dominant mechanism in heterogeneous soils with multiple sites having diff erent energies for heavy metal sorption. Below, an overview of multireaction and multisite models and simulations in competitive systems is presented. Table 2 provides a summary of the various competitive models discussed.
First-Order and Freundlich Models
Th e fi rst-order kinetic approach is perhaps one of the earliest single forms of reactions used to describe sorption with time for several dissolved chemicals in soils. Th is may be written as
where the parameters k f and k b represent the forward and backward rates of reactions (h −1 ), respectively, for the retention mechanism. Th e fi rst-order reaction was fi rst incorporated into the classical convection-dispersion equation by Lapidus and Amundson (1952) to describe solute retention during transport under steady-state water fl ow conditions. Based on Eq.
[2], for any reaction time t, a linear relation between S and C is obtained. In other words, fi rst-order kinetics yields isotherms, which represent the amount sorbed S vs. the concentration in solution C, a linear relationship, for any given time of reaction; however, linear isotherms are not oft en encountered for heavy metals in soils. In fact, there is an extensive body of literature that documents the nonlinear behavior of sorption isotherms (for a review, see Sauvé et al., 2000) . Isotherms that exhibit nonlinear or curvilinear retention behavior are illustrated in Fig. 1 to 3 for Cu, As(V), and Ni, respectively (Selim and Ma 2001; Zhang and Selim, 2005; Liao and Selim, 2010) . To describe such nonlinear behavior, the fi rstorder model of Eq. [2] is extended to include nonlinear kinetics:
where b is a dimensionless parameter commonly <1. Estimated values for b for the isotherms illustrated in Fig. 1 to 3 were 0.601 to 0.696 for Cu, 0.221 to 0.328 for As(V), and 0.545 to 0.515 for Ni. Such values illustrate that b is time invariant and may be considered a sorption characteristic for a given soil. Th is nonlinear reaction (Eq.
[3]) is fully reversible, where the magnitudes of the rate coeffi cients dictate the extent of kinetic behavior of retention of the solute from the soil solution. For small values of k f and k b , the rate of retention is slow, and strong kinetic dependence is anticipated. In contrast, for large values of k f and k b , the retention reaction is a rapid one and should approach quasi-equilibrium in a relatively short time. In fact, at large times, when the rate of retention approaches zero, Eq.
[3] yields
, where
Equation [4] is analogous to the Freundlich equilibrium equation (Kinniburgh, 1986) , where K F is the solute partitioning coeffi cient (cm 3 g −1
). Th erefore, the parameter K F may be regarded as the ratio of the rate coeffi cients for sorption (forward reaction) to that for desorption or release (backward reaction).
Th e parameter b represents the order of the nonlinear or concentration-dependent reaction and illustrates the extent of heterogeneity of sorption sites on soil matrix surfaces. In other words, sorption sites have diff erent affi nities for heavy metal retention by matrix surfaces, where sorption by the highest energy sites takes place preferentially at the lowest solution concentrations before sites of lower energies. At increasingly higher concentration, sorption takes place at sites of decreasing affi nities, which results in nonlinear or concentration-dependent isotherms of S vs. C. A direct implication of such nonlinear behavior is that at low concentrations, solutes are considerably less susceptible to transport than at higher concentrations.
For the simple case where b in Eq.
[4] is 1, we have the commonly used linear form:
where the parameter K d is the solute distribution coeffi cient (cm
, which is distinctly diff erent from the Freundlich parameter K F . Th ere are numerous examples of K d values for the retention of various cations and heavy metals (see Sparks, 1989; Buchter et al., 1989; Sauvé et al., 2000) . Th e lack of nonlinear or concentration-dependent behavior of sorption patterns, as indicated by the linear case of Eq. [5] , is indicative of a homogeneous system. For linear behavior, the sorptionsite energies of matrix surfaces are best regarded as relatively uniform, and the mobility of a heavy metal is independent of the concentration in the soil solution.
Second-Order and Langmuir Models
An alternative to fi rst-and nth order models is the secondorder kinetic approach. Such an approach is commonly referred to as the Langmuir kinetic model and has been used for predictions Table 2 . Competitive retention models.
Model Formulation
Sheindorf-Rebhun-Sheintuch equilibrium model
Gaines and Thomas ion exchange
Elovich ion exchange
Fractional power model
of several reactive solutes, including heavy metals, in several soils (Murali and Aylmore, 1983; Selim and Amacher, 1997) . Based on the second-order formulation, it is assumed that the retention mechanisms are site specifi c, where the rate of reaction is a function of the solute concentration present in the soil solution phase (C) and the amount of available or unoccupied sites, φ (μg g −1 soil), by the reversible process
where k f and k b are the associated rate coeffi cients and S is the total amount of solute retained by the soil matrix. As a result, the rate of solute retention may be expressed as
where S T is the total number of sorption sites. As the sites become occupied by the retained solute, the number of vacant sites approaches zero (φ → 0) and the amount of solute retained by the soil approaches that of the total capacity of sites, i.e., S → S T . Vacant specifi c sites are not strictly vacant. Th ey are assumed occupied by H, OH, or other specifi cally sorbed species. An example of the capability of this kinetic approach in describing the retention of heavy metals in soils is illustrated in Fig. 4 . Copper adsorption with time in a McLaren soil was well described by the model across a wide range of input Cu concentrations. Model predictions for adsorption as well as desorption for two initial Cu concentrations are illustrated in Fig. 4 . Th e above formulation (Eq.
[7]) yields the commonly known Langmuir equilibrium model for adsorption on solid surfaces. For large times (as t → ∞), i.e., when the reaction achieves local equilibrium, the rate of retention becomes
where ω is the ratio of the forward and backward rate coeffi cients. Upon further rearrangement of Eq. [8], the secondorder formulation, at equilibrium, obeys the widely recognized Langmuir isotherm equation (Kinniburgh, 1986 ):
where the parameter K L is now equivalent to ω of Eq.
[8] and is the Langmuir equilibrium constant. Langmuir formulation is oft en . The solid curves are simulations using the secondorder model. expressed in a similar form to Eq. [9] , where the total amount sorbed, S T , is replaced by the maximum sorbed amount, S max .
Competitive Retention Models
It is generally accepted that competing ions strongly aff ect heavy metal retention and release in soils. Industrial waste and sewage sludge disposed of on land oft en contain appreciable amounts of heavy metal such as Cu, Zn, Cd, and Ni and thus create a risk for croplands, as well as animals and humans. Several competitive models of the equilibrium and kinetic type have been developed to describe reactivities and mobility in multiple-ion systems. An example of metal ion competition is presented in the traditional manner as isotherms in Fig. 5 and 6 (Liao and Selim, 2009) . Th ese isotherms were described using the Freundlich model. Th e extent of nonlinearity of Ni and Cd isotherms are depicted by the dimensionless parameter b and are not infl uenced by the input concentration of the competing ion. For Windsor and Olivier soils, Ni adsorption decreased signifi cantly across the entire range of concentrations of the competing ion (Cd); however, Cd adsorption was less aff ected by the competing Ni ions in both soils. For the neutral Webster soil, Ni was not appreciably aff ected by the presence of Cd, especially at low Ni concentrations. Th is may be due to the fact that, for a singlecomponent system, Ni adsorption was much stronger than Cd for the Webster soil. Another explanation of the competitive Ni sorption behavior is that retention is perhaps due to Nilayered double hydroxide precipitates, which may be considered irreversible on soils and minerals (Voegelin and Kretzschmar, 2005) . Th is process may lead to signifi cant long-term stabilization of the metal within the soil profi le (Ford et al., 1999 ).
Sheindorf-Rebhun-Sheintuch Model
Th e Sheindorf-Rebhun-Sheintuch (SRS) equation was developed to describe competitive or multicomponent sorption where it is assumed that single-component sorption follows the Freundlich equation (Sheindorf et al., 1981) . Th e derivation of the SRS equation was based on the assumption of an exponential distribution of adsorption energies for each component. Specifi cally, the SRS model was developed to describe competitive equilibrium sorption for multicomponent systems where the sorption isotherms of a single component follow the Freundlich equation. A general form of the SRS equation can be written as
where the subscripts i and j denote metal components i and j, l is the total number of components, and α i,j is a dimensionless competition coeffi cient for the adsorption of component i in the presence of component j. Antoniadis and Tsadilas (2007) . Such small α Ni-Cd implies that Ni adsorption in the Webster soil was least aff ected in a competitive Ni-Cd system in comparison with the other two soils. Moreover, the estimated α Cd-Ni for Cd adsorption was 0.61 for Windsor and 0.82 for Olivier soils, whereas the Cd-Ni competitive coeffi cient was 4.00 for the Webster soil. Although the SRS equation may be regarded as a multicomponent model and does not imply certain reaction mechanisms, diff erences in competitive sorption between the neutral and the two acidic soils were illustrated based on the SRS models' competitive selectivity parameters. In fact, Roy et al. (1986) suggested that the SRS parameters could be used to describe the degree of competition under specifi c experimental conditions. Calculated results using the estimated α Ni-Cd are given in Fig. 7 and 8 and illustrate the capability of the SRS model to describe experimental data for competitive adsorption of Ni and Cd (Liao and Selim, 2009 ). An F test indicated that there was no statistical diff erence between our experimental results and SRS model calculations (at the 95% confi dence level). Based on these calculations, the SRS model was capable of quantifying competitive adsorption for Ni and Cd. For both Ni and Cd, however, the SRS model deviated considerably from the experimental data for high concentrations of the competing ions. Th is fi nding is consistent with the application of the SRS model made earlier by Gutierrez and Fuentes (1993) and illustrates the need for model improvement to better describe competitive adsorption of heavy metals across the entire range of concentrations. Th e suitability of the multicomponent SRS equation for describing the competitive adsorption isotherms of trace elements on soil and soil minerals has been investigated by several researchers. A general procedure for applying the SRS equation is fi rst to obtain the Freundlich distribution coeffi cient K F and reaction exponent b or n by fi tting the single-component isotherms to the Freundlich equation, followed by estimating the competition coeffi cients α i,j through fi tting the experimental isotherms of binary and ternary mixtures to the SRS equation (Roy et al., 1986) . Although the SRS equation does not imply specifi c reaction mechanisms, the competition coeffi cients α i,j in the equation can be used to evaluate the relative selectivity of the sorbent to the heavy metal species. Th e SRS equation with competition coeffi cients estimated through nonlinear least squares optimization has been demonstrated to successfully describe the experimental competitive adsorption isotherms of Ni and Cd on three diff erent soils (Liao and Selim, 2009 ). Gutierrez and Fuentes (1993) used the SRS equation to represent the competitive adsorption of Sr, Cs, and Co in Ca-montmorillonite suspensions. Th ey found that the SRS competition coeffi cients α i,j obtained from experimental data of binary mixtures successfully predicted the competitive adsorption of the ternary mixture Sr-Cs-Co. Similarly, Bibak (1997) found that values of SRS competitive coeffi cients obtained from binary sorption experiments successfully predicted sorption data of the ternary solute mixture Cu-Ni-Zn. Th e SRS equation was successfully used to describe the competitive sorption of Cd, Ni, and Zn on a clay soil by Antoniadis and Tsadilas (2007) . In addition, the SRS equation was also used by Wu et al. (2002) 
Competitive Langmuir Model
Th e Langmuir equation (Eq.
[9]) can be extended to account for competitive sorption of multiple heavy metals in multicomponent systems (Murali and Aylmore, 1983) :
Th e multicomponent Langmuir approach assumes that there is only one set of sorption sites for all competing ions. Furthermore, the model also assumes that the presence of competing ions does not aff ect the sorption affi nity of other ions. To describe the timedependent sorption of competing ions, the multicomponent second-order kinetic equation was proposed in the form (Murali and Aylmore, 1983) ( ) ( )
Moreover, for the case where negligible competition is assumed among the various ions, Eq.
[12], on omitting the subscript i, is reduced to the second-order formulation Eq.
[7] discussed above. Although the concept of a competitive Langmuir model has been proposed since three decades ago (Murali and Aylmore, 1983; Bradl, 2004; Janetti et al., 2012) , its applications in modeling metal sorption on soils are scarce. Recently, Vidal et al. (2009) tested a two-metal Langmuir model with three parameters (S max , K L1 , and K L2 ) and a two-site Langmuir model (S max1 , S max2 , K L1 , and K L2 ) for describing the competitive adsorption among three metal pairs, i.e., Zn-Pb, Cu-Pb, and Pb-Cd. Th eir results, shown in Fig. 9 , indicated that both modeling approaches were suitable to model the sorption of metals in binary mixtures; however, fi tted Langmuir parameters were dependent on the concentrations of the competing metals, which limited applicability of the models. Based on maximum likelihood and model quality criteria, Janetti et al. (2012) compared extended Langmuir and modifi ed Langmuir models, among a set of competitive-sorption models, for describing Cu-Zn sorption in two Israel soils and a Ni-Cd sorption data set (Liao and Selim, 2009 ). Th eir results showed that the extended Langmuir was among the best performing competitive-sorption models.
Competitive Multireaction Model
Kinetic (time-dependent) sorption models of the Freundlich type were developed to simulate the sorption of solutes during their transport in soils and aquifers (Selim, 1992) . Zhang and Selim (2007) extended the equilibrium Freundlich approach to account for kinetic competitive or multiple-component systems. Specifi cally, the model accounts for equilibrium and kinetic adsorption in a way similar to the SRS equation described above. Th is model represents a modifi cation of the multireaction model (MRM), which accounts for equilibrium and kinetic retention of the reversible and irreversible types (see Fig. 10 ). Th e MRM accounts for linear as well as nonlinear reaction processes of equilibrium and kinetic (reversible and irreversible) types. Th e model with reversible as well as irreversible sorption of the concurrent and consecutive types is shown in Fig. 10 . In this model, S e represents the amount retained on equilibrium sites (mg kg 
where t is the reaction time (h); ρ is the soil bulk density (g cm ) are the forward and backward rate coeffi cients, respectively, associated with S 1 and n is the reaction order; k 3 and k 4 (h ) is the rate coeffi cient associated with S irr . In the above equations, we assumed n = m because there is no method for estimating n or m independently. Zhang and Selim (2007) modifi ed the MRM to account for competitive Freundlich type retention such that: 
When competition is ignored, i.e., α i,j for all j ≠ i, Eq.
[17] yields single-species nth-order kinetic sorption. Examples of the capability of this approach to describe the transport of competitive As(V) and P behavior in soil columns are given in Fig. 11 (Zhang and Selim, 2007) , where As(V) and P BTCs exhibit extensive asymmetry and nonequilibrium conditions appear dominant, as indicated by the drop in As(V) and P concentrations in response to fl ow interruption (or stop fl ow). Th ese simulations demonstrated that competitive retention for As(V) and P with time was successfully predicted using this kinetic approach with model coeffi cients based on singlecomponent kinetic batch results.
Ion-Exchange Models
Ion exchange is considered an instantaneous process representing (nonspecifi c) sorption mechanisms and a fully reversible reaction between heavy metal ions in the soil solution and those retained on charged surfaces of the soil matrix. In a standard mass-action formulation, the exchange reaction for two competing ions i and j, having valences v i and v j , respectively, may be written as
where T K ij is the thermodynamic equilibrium constant and a and a* (omitting the subscripts) are the ion activity in soil solution and on the exchanger surfaces, respectively. Based on Eq.
[23], the Vanselow selectivity coeffi cient V K ij can be denoted as
where ζ is the activity coeffi cient on the soil surface. It is recognized that in soils, ion exchange involves a wide range of thermodynamically diff erent sites. As a general practice, the activity coeffi cient for a solid phase is commonly set equal to 1. In addition, the much simpler Gaines and Th omas (1953) selectivity coeffi cient G K ij may be used, where
Th is formulation is more conveniently incorporated into the convection-dispersion transport Eq.
[1]. In Eq.
[25], γ i and γ j are dimensionless solution-phase activity coeffi cients where a i = γ i C i . In addition, the terms s i and s j are dimensionless, representing the solid-phase concentrations expressed in terms of equivalent fractions, s i = S i /Ω, with Ω the cation exchange or adsorption capacity of the soil (mmol c kg −1 soil) and S i the concentration Fig. 10 . Schematics of the multireaction model for retention of reactive chemicals in soils, where C is the solute concentration in the solution phase, S e is the amount retained on equilibrium-type sites, S 1 is the amount retained on kinetic Type 1 sites, S 2 is the amount retained on kinetic Type 2 sites, S 3 is the amount retained irreversibly by consecutive-type reaction, S irr is the amount retained by concurrenttype reaction, and K e , k 1 , k 2 , k 3 , k 4 , k 5 , and k irr are reaction rates. (mmol c kg −1 ) of adsorbed-phase soil. Although Ω is oft en assumed as invariant, it has been observed to be dependent on the soil pH and the counter ions present in the soil. Moreover, there are several other ways to express the adsorbed-phase concentration on a fractional basis, including that of a molar rather than an equivalent fraction.
Several studies have indicated that the affi nity of heavy metals to soil matrix surfaces increases with decreasing heavy metal fraction on the exchanger surfaces (Abd-Elfattah and Wada, 1981; Harmsen, 1977; Selim et al., 1992; Hinz and Selim, 1994) . Using an empirical selectivity coeffi cient, it was shown that Zn affi nity increased up to two orders of magnitude for low Zn surface coverage in a Ca background solution (Abd-Elfattah and Wada, 1981). Mansell et al. (1988) successfully relaxed the assumption of constant affi nities and allowed the selectivity coeffi cients to vary with the amount adsorbed on the exchange surfaces.
Th e Rothmund-Kornfeld model incorporates variable selectivity based on the amount of adsorbed or exchanger composition. Th e approach is empirical and provides a simple equation that incorporates the characteristic shape of binary exchange isotherms as a function of the equivalent fraction of the amount sorbed as well as the total concentration in solution. Harmsen (1977) and Bond and Phillips (1990) expressed the Rothmund-Kornfeld model as
where n is a dimensionless empirical parameter associated with the ion pair i-j and R K ij is the Rothmund-Kornfeld selectivity coeffi cient. Th is equation is best known as a simple form of the Freundlich equation that applies to ion-exchange processes. As pointed out by Harmsen (1977) , the Freundlich equation may be considered as an approximation of the Rothmund-Kornfeld equation valid for s i << s j and c i << c j , where
Th is equilibrium Rothmund-Kornfeld ion-exchange equation was used by Hinz and Selim (1994) to describe the exchange isotherms of Zn-Ca and Cd-Ca as well as the breakthrough curve of Zn and Cd in uniformly packed columns of Windsor and Olivier soils. Th ey concluded that the Rothmund-Kornfeld ion-exchange equation well described binary ion-exchange isotherms but overestimated the extent of retardation during Zn and Cd transport in soils. Examples of experimental and simulated breakthrough curves are given in Fig. 12 .
Numerous studies have indicated that ion exchange is a kinetic process in which equilibrium is not instantaneously reached. Th e observed kinetic or time-dependent ion-exchange behavior is probably a result of the transport of initially sorbed ions from exchange sites to the bulk solution and the reverse process of the transport of replacing ions from the bulk solution to exchange sites. Specifi cally, the rate of ion exchange is dependent on the following processes: (i) diff usion of ions in the aqueous solution; (ii) fi lm diff usion at the solid-liquid interface; (iii) intraparticle diff usion in micropores and along pore wall surfaces; and (iv) interparticle diff usion inside solid particles (Sparks, 1989) . Due to the complexity of the kinetic processes, during last three decades several kinetic rate formulations have been proposed. Such formulations have been applied to describe sorptiondesorption kinetic results for heavy metal ions. Th e pseudo-fi rstorder or mass-action model is perhaps the most commonly used approach, where the kinetic rate is assumed to be a function of the concentration gradient on the exchange surfaces (Plazinski et al., 2009) . For the exchangeable amount S (omitting the subscript i), the rate equation can be expressed as ( )
where α is an apparent rate coeffi cient (d −1
) for the kinetic-type sites and S eq is the amount sorbed at equilibrium (as t → ∞) . For large values of α, S approaches S eq in a relatively short time, and equilibrium is rapidly achieved. In contrast, for small α, kinetic behavior should be dominant for extended periods of time. Expressions similar to the above model have been used to describe mass transfer between mobile and immobile water in porous media (Coats and Smith, 1964) as well as chemical kinetics (Parker and Jardine, 1986) . To simulate the transport of Cd in diff erent soils, Selim et al. (1992) developed a multicomponent transport model that incorporates the kinetics of ion exchange and specifi c sorption in the advection-dispersion equation. Based on the assumption of mass transfer or diff usion as the rate-limiting step, a fi rst-order mass-transfer equation with an apparent rate coeffi cient was incorporated into the transport equation. Th e simulation results in Fig. 13 demonstrate that the model with kinetic ion exchange adequately predicted Cd breakthrough curves for a Eustis soil. Th e simulations shown also demonstrate the eff ect of the value of the apparent rate coeffi cient α on Cd predictions.
Other kinetic expressions have also been used to describe the kinetic exchange of ions in minerals and soils (Sparks, 1998) . Th e parabolic diff usion model is based on the assumption of diff usioncontrolled rate-limited processes in media with a homogeneous particle size. Th e parabolic diff usion equation was derived from Fick's second law of diff usion in a radial coordinate system: 
where r is the average radius of soil or mineral particles and D m is the molecular diff usion constant. Th e Elovich model is anther empirical kinetic retention model, which may be expressed as ( )
where a is the initial adsorption rate and B is an empirical constant. Jardine and Sparks (1984) compared the fi rst-order, parabolic diff usion, and Elovich approaches described above to describe the kinetic exchange of K and Ca in clay minerals and soils. Th ey found that the pseudo-fi rst-order model provided the best overall goodness-of-fi t to the experimental results.
Recently, a fractional power approach was introduced by Serrano et al. (2005) having the form
where κ and β are empirical constants. Th ey compared the overall sorption kinetics of Pb and Cd for single and binary systems. Th eir results showed that the simultaneous presence of the competing metal did not aff ect the estimated apparent sorption rate, which indicated that the rate-limiting processes of the sorption of heavy metal ions were not impacted by the competing ions. Although the empirical kinetic formulas were relatively easy to implement, the rate constants obtained from limited sets of experimental conditions were not readily applicable to other conditions (Shi et al., 2005; Zhang and Selim, 2008) .
Surface-Complexation Models
Surface-complexation models have been used to describe an array of equilibrium-type chemical reactions including proton dissociation, metal cation and anion adsorption reactions on oxides and clays, organic ligand adsorption, and competitive-adsorption reactions on oxide and oxide-like surfaces (Allison et al., 1991; Parkhurst and Appelo, 1999) . Th e application and theoretical aspects of surface-complexation models were extensively reviewed by Goldberg (1992) and Sparks (2003) . Surface-complexation models are chemical models based on a molecular description of the electric double layer using equilibrium-derived adsorption data.
Surface complexes can exist as inner sphere surface complexes or outer-sphere surface complexes. Inner sphere surface complexes are strong complexes involving either ionic or covalent bonding without water molecules between the adsorbing ion and the surface functional group. Outer sphere surface complexes are less stable complexes involving electrostatic bonding, with at least one water molecule between the adsorbing ion and the surface functional group. For heterogeneous soils, multisurface models can be developed to include sorption of chemical components on various reaction sites on the surfaces of minerals and organic materials (Hiemstra and Van Riemsdijk, 1999; Weng et al., 2001 Weng et al., , 2002 . A list of the complexation mass action equations and the associated equilibrium reaction coeffi cients were given by Goldberg (1992) and Zhang and Selim (2012) .
In the past two decades, several models have been developed to describe the competitive adsorption of metals and metalloids on soil organic matter (Dudal and Gerard, 2004; Jeong et al., 2007) . Th e NICA-Donnan model combined the nonideal competitive adsorption (NICA) model for specifi c binding and a Donnan-type model for nonspecifi c binding of an electrolyte. Th e model considers site heterogeneity, nonideality, multicomponent competition, and electrostatic interactions for ion binding to humic substances. In contrast to the continuous site distribution concept used in the NICA-Donna model, the Windermere humic aqueous model (WHAM; Tipping, 1993 Tipping, , 1994 ) utilizes a discrete distribution of carboxylic-and phenolic-type functional groups to represent the behavior of organic materials. Both models have been successfully applied to simulate the adsorption of heavy metals and metalloids on the surfaces of humic substances (e.g., Weng et al., 2001 Weng et al., , 2002 . Extensive data sets of model parameters have been compiled for the models (Milne et al., 2003) , which greatly enhanced their capacity for simulating complex reaction patterns for various metal ions. More recently, Shi et al. (2008) incorporated the WHAM model into a reversible two-site kinetic adsorption model to describe time-dependent adsorption and desorption of Zn in soils. Th eir model predicted the redistribution from monodentate to bidentate sites as an important mechanism during desorption of Zn from the soil surface.
Surface complexation models, in combination with ionexchange models, have been used with various degrees of success to describe competitive sorption and transport of heavy metals in soils (Bradbury and Baeyens, 2005; Heidmann et al., 2005; Serrano et al., 2009; Voegelin et al., 2001 ). For example, Serrano et al. (2009) used a nonelectrostatic equilibrium model with both surface-complexation and ion-exchange reactions to describe the competitive sorption of Pb and Cd on three acid soils across a range of pH values and metal concentrations. Th e model included surface-complexation sites on an Fe-oxyhydroxide mineral, clay mineral edges, and an Al-oxyhydroxide as well as two diff erent exchange sites to account for the ion-exchange capacity attributed to the phyllosilicate minerals smectite, weathered illite, and kaolinite and organic matter. Th e concentrations for specifi c types of surface sites were estimated from the experimentally measured mineral and chemical composition of the soils. As demonstrated by Fig. 14 , their model results matched well the experimental data for Pb sorption in binary systems across the range of concentration and pH studied for all three soils. Voegelin et al. (2001) incorporated the convective-dispersive equation (Eq. [6]) into surface-complexation modeling to predict the competitive sorption of Cd, Zn, and Ni during transport in soils. Th eir study indicated that heavy metal adsorption in acidic soils is perhaps reversible where time-dependent reactivities are negligible. An example of their experimental and model calculations for Ca and Zn, with Ca breakthrough curves, is shown in Fig. 15 .
A major drawback of most surface-complexation models is that they are limited to describing equilibrium-type reactions and do not account for kinetic sorption-desorption processes in soils. In heterogeneous soils with a variety of sorbents having diff erent reactivities, time-dependent sorption is oft en observed. Kinetics or nonequilibrium sorption may arise due to the heterogeneity of sorption sites on matrix surfaces. In fact, various types of surface complexes (e.g., inner sphere, outer sphere, monodentate, bidentate, mononuclear, or binuclear) with contrasting sorption affi nities can be formed on mineral surfaces at various surface coverages of metals and metalloids. Th is heterogeneity of sorption sites may contribute to the observed adsorption kinetics where sorption takes place preferentially on high-affi nity sites, followed subsequently by slow sorption on sites with low sorption affi nity. Furthermore, the diff usion of ions to reaction sites within the soil matrix has been proposed as an explanation for time-dependent adsorption by many researchers (e.g., Fuller et al., 1993; Raven et al., 1998) .
Summary
In this contribution, the framework covering the basics of competitive heavy metal sorption and transport in soils was presented. Commonly used single retention models of the equilibrium type were discussed along with various kinetic-type approaches. Retention models of the multiple-reaction type, including two-site equilibrium-kinetic models, concurrentand consecutive-multireaction models, and the second-order approach were also presented. Several examples were presented for the purpose of illustrating the impact of competing ions on the reactivities and mobility of heavy metals in the soil-water environment. Examples presented here demonstrate the infl uence of ligand competition for adsorption sites on mineral surfaces.
Furthermore, we demonstrated that the equilibrium Freundlich and Langmuir approaches can be extended to account for competitive retention when multiple heavy metals are present in the soil-water system. Such models may be further modifi ed to describe the frequently observed time-dependent behavior of heavy metals in soils. A major drawback of the Freundlich and Langmuir approaches is that these models are empirically based and their associated parameters are specifi c for each soil. Geochemical models based on ion exchange and surface complexation require a large number of input parameters, but they have been shown to be capable of quantifying the competitive behavior of several chemical species under a wide range of chemical conditions. Geochemical models are not capable of describing time-dependent sorption in competitive systems, however. Th erefore, further research is needed to characterize physical and chemical mechanisms involved in kinetic sorption in soils. 
